1 c-MYC (hereafter MYC) overexpression has been recognized in aggressive B-cell lymphomas and linked to adverse prognosis. MYC activation results in widespread repression of micro-RNA (miRNA) expression and associated with lymphoma aggressive progression. Our recent study identified a MYC-miRNA-EZH2 feed-forward loop linking overexpression of MYC, EZH2 and miRNA repression. Here, using a novel small-molecule BET bromodomain inhibitor, JQ1, and the EZH2 inhibitor, DZNep, we demonstrated that combined treatment of JQ1 and DZNep cooperatively disrupted MYC activation, resulting in a greater restoration of miR-26a expression and synergistically suppressed lymphoma growth and clonogenicity in aggressive lymphoma cells. Furthermore, CHIP assay demonstrated that MYC recruited EZH2 to miR-26a promoter and cooperatively repressed miR-26a expression in aggressive lymphoma cell lines, as well as primary lymphoma cells. Loss-or gain-of-function approaches revealed that miR-26a functioned as a tumor suppressor miRNA and mediated the combinatorial effects of JQ1 and DZNep. These findings represent a novel promising approach for silencing MYC-miRNA-EZH2 amplification loop for combinatorial therapy of aggressive B-cell lymphomas.
INTRODUCTION
Aggressive lymphomas include Burkitt lymphoma, MYC-associated diffuse large B-cell lymphoma (DLBCL), B-cell lymphoma, unclassifiable with features intermediate between DLBCL and Burkitt lymphoma (double-hit lymphoma), rare de novo acute lymphoblastic lymphoma/leukemia, blastic variant of mantle cell lymphoma (MCL), transformed follicular lymphoma and plasmablastic lymphoma. 1 These lymphomas are usually fast growing. Although MYC has been described as a defining feature and the driving oncogene for Burkitt lymphoma, MYC overexpression has also been recognized in other non-Hodgkin lymphomas. For example, rearrangement of MYC was detected in 9-14% of DLBCLs and has been linked to adverse prognosis with chemoresistance and shortened survival. In MCL, increased expression of MYC has been found to be associated with poor prognosis and with an aggressive, blastic variant of MCL. MYC rearrangement is a recurring genetic abnormality in these aggressive B-cell lymphomas. A recent report reveals that MYC overexpression was detected in 80% of transformed large-cell lymphomas, implying the role of MYC in aggressive transformation. 2 Unlike other lymphoma oncogenes, forced expression of Myc in murine lymphoid cells is sufficient to generate B-cell leukemia and lymphoma. 3 In addition, MYC activation is necessary to develop lymphoma in BCL2 or CCND1 transgenic mice, further identifying MYC as a pivotal oncogene in initiating and sustaining aggressive transformation of B-cell lymphomas. 4 However, mechanisms underlying the clinical aggressiveness of lymphoma are unclear.
The MYC transcriptional network has been shown to also include micro-RNAs (miRNAs). These small (20-24 nucleotides), non-protein-coding, single-stranded RNAs function as negative regulators of messenger RNA (mRNA) levels and affect virtually every aspect of tumorigenesis. 5 Interestingly, although MYC can alter a large set of different miRNAs, rather than activation, the majority of identified miRNAs are repressed by MYC. Indeed, downregulation of a subset of miRNAs is a commonly observed feature of cancers, suggesting that these molecules may act as tumor suppressors. Among these, many are putative tumor suppressors, such as miR-15a/16-1, miR-34a, and let-7 family members. 6 Our recent experiments revealed loss or low expression of MYC-regulated miRNAs and reverse correlation of tumor suppressor miRNAs such as miR-15/16, miR-26a and miR-29 with MYC overexpression in aggressive B-cell lymphomas and showed that ectopic expression of miR-29 suppresses MYC-driven lymphoma cell proliferation. 7, 8 Collectively, these data support the notion that MYC activation results in widespread direct repression of miRNA expression and MYC-induced miRNA repression contributes to lymphoma aggressive progression. EZH2, the catalytic subunit of polycomb repressive complex 2 (PRC2), catalyzes trimethylation of lysine 27 on histone H3 (H3K27me3) and mediates transcriptional silencing.
9,10 H3K27 trimethylation suppresses transcription of specific genes that are proximal to the site of histone modification. EZH2 level has been directly implicated in various cancers as well as lymphomagenesis. For example, Velichutina et al. 11 found that EZH2 mRNA levels were directly correlated with cellular proliferation in primary DLBCLs, whereas levels of many EZH2 target genes were negatively correlated with proliferation in these same tumors. A somatic gain of function mutation of EZH2 was identified in large B-cell lymphoma. 12 Likewise, expression levels of EZH2 and the PRC2 component SUZ12 have been linked to MCL lymphomagenesis. 13, 14 Overall, these data support Myc and EZH2 as a novel therapeutic target for these lymphomas.
Given the emerging evidence that points to oncogenic and tumorsuppressive roles of miRNAs in lymphoma, we recently studied and explored the underlying mechanism of miRNA dysregulation, and the role of HDAC and EZH2 in miRNA expression in MCL, Burkitt lymphoma and DLBCL cells. We demonstrated that MYC silences miR-29 and miR15-a/16 expression through recruitment of HDAC3 and EZH2. 7, 8 We identified an MYC-miR-26a-EZH2 feed-forward pathway that consistently leads to MYC and EZH2 overexpression and miRNA repression, and maintains the tumorigenic potential of lymphoma cells. 8 Furthermore, MYC and EZH2 act in concert to silence tumor suppressor miRNAs in aggressive lymphoma cells. Recently, a novel BET bromodomain inhibitor, JQ1, has been developed and shown to inhibit MYC in multiple hematopoietic malignancies, 15, 16 but its effects on aggressive lymphomas and miRNAs remain uncharacterized. Here, we applied JQ1 to explore whether combined inhibition of MYC with JQ1 and EZH2 with DZNep can: (1) cooperatively disrupt MYC-miRNA-EZH2 regulatory circuitry and interaction and (2) restore miR-26a expression, as well as the role of miR-26a in MYC-driven lymphoma cell survival and growth. Ultimately, we tested the strategy of silencing MYC with JQ1 for combinatorial therapy to subsequently suppress lymphoma growth and clonogenicity in aggressive lymphoma cells.
MATERIALS AND METHODS

Cell preparation, antibodies and reagents
Lymphoma cell lines Jeko-1, Mino, HBL-2, SUDHL4 and Ramos were described as previously; 17 P493-6 cells (kindly provided by G Bornkamm), 18 used to turn off MYC expression, were grown in the presence of 0.1 mg/ml tetracycline (Sigma, St. Louis, MO, USA) for 24-72 h; MYC turn-on cells were maintained in RPMI1640 with 10% FBS. Burkitt lymphoma and MCL cells were obtained from fresh biopsy-derived lymphoma tissues (lymph nodes) after informed consent from patients and approval by the Institutional Review Board of the University of South Florida. The details of cell preparation were described as previously.
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Antibodies included anti-MYC (sc-764 X; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-b-actin (A1978; Sigma) and anti-EZH2 (07-689; Millipore, MA, USA). JQ1 was kindly provided by James E Bradner (Boston, MA, Billerica, USA), and DZNep was kindly provided by Victor E Marquez (Frederick, MD, USA).
Cell transfection
Optimized nucleofection protocols generated by Amaxa (Amaxa, Gaithersburg, MD, USA) were followed for the transfection of HBL-2 (Nucleofector KIT V, program O-017, Lonza, Allendale, NJ,USA) and SUDHL4 (Nucleofector Kit V, Program X-001, Lonza) with miRNA precursors or anti-miRNA inhibitors (Applied Biosystems, Foster City, CA, USA), respectively. miRNA precursor molecules and miRNA inhibitors used in miRNA function experiments were purchased from Applied Biosystems.
CCK8 (cell viability) assay and colony formation assay Cell viability was measured using cell counting kit-8 (CCK-8, Dojindo Molecular Technologies, MA, USA), and quantified by Gen5 data analysis software, BioTek, Winooski, VT, USA. For assessment of synergistic or additive effects of combined drug treatment, combination index (CI) was used. CI for each drug combination was calculated by median dose-effect analyses using the commercially available software CalcuSyn (Biosoft, Great Shelford, Cambridge, UK). CI values o1.0 represent synergism of the two drugs in the combination.
For the colonogenic assay, 2 Â 10 3 HBL-2 or SUDHL4 cells (0.05 ml) were added to 0.5 ml MethoCult (STEMCELL, Tukwila, WA, USA) per well in 24-well plates. After 10-14 days of culture, the number of colonies was counted, with images of colonies recorded daily.
Chromatin immunoprecipitation (ChIP) and quantitative real-time polymerase chain reaction ChIP was carried out as described previously. 7 Primer sequences used in ChIP assay are as follows:
26a1D-Chip-F: GGAGAGACTGGGAGCGAGTGT, 26a1D-Chip-R: CAAACTCACAACCTCCCGGT; 26a2S-Chip-F: CTCCATCTGTGAGCGGCC, 26a2S-Chip-R: AAAATAGCAAAGCTCCCGACTG; 26a2U-Chip-F: CAACCTTCGAATCCCGAAAG, 26a2U-Chip-R: GAGTCCTAGGTCCGCCCAC; 26a1NC-Chip-F: AGCTACCCAGCACCAGTGTCCAA, 26a1NC-Chip-R: GGGAATTGGGGGTGGACATCACA.
Quantitative reverse-transcribed PCR was performed according to the manufacturer's instructions (Applied Biosystems). miR-26a (000405), RNU-44 primers (4373384), and GAPDH primers (Hs99999905_m1) were purchased from Applied Biosystems. Pri-miR-26a1 and pri-miR-26a2 primers were synthesized by IDT (Coralville, IA, USA). Primer sequences are as below:
Pri-miR-26a1-F: GGAGAGGCTGCCCAATGGCAT, Pri-miR-26a1-R: GCAGTGGGCAGGCCAGTCAT; Pri-miR-26a2-F: GTTCCCCCATGCGTCTCAGGAACT, Pri-miR-26a2-R: GGCTGCTCTGCTCTTCCTCAGGT.
miRNA and mRNA levels were separately normalized with RNU44 or GAPDH, and the relative expression level of specific miRNA and mRNA was presented by 2 À DDCt .
miRNA array
Jeko-1 cells were treated with JQ1 (1 mM) for 48 h; total RNA was then extracted and used for array analysis. miRNA microarray analysis was performed by LC Sciences, (Houston, TX, USA) as previously described. 7 The GEO database accession number for the microarray data is GSE40019.
Statistical analysis SPSS 11.0 software was used for statistical analyses. Significant differences between values obtained with different experimental conditions were determined using Student's t-test. Significance was set at Po0.05. Statistical analysis for cell proliferation was carried out by ANOVA.
RESULTS
Silencing MYC with JQ1 disrupts the MYC-miRNA-EZH2 regulatory circuitry and inhibits lymphoma cell growth in aggressive lymphoma cell lines Since the discovery of the cancer-promoting gene MYC in the late 1970s, researchers have worked toward developing drugs that inhibit its function. Due to the diverse mechanisms driving MYC activation and the difficulty of disrupting protein-DNA interactions, efforts to target MYC activity have been unsuccessful. 20 Recently, a small molecule termed JQ1, a substituted 6H-thieno[3,2-f][1,2,4]triazolo [4,3-a] azepine, was identified to specifically prevent bromodomain from binding to acetylated histone and silence MYC transcription, thus preventing transactivation of MYC target genes. 15, 16 JQ1 has been shown to have growth-inhibitory effects on multiple myeloma, acute myelogenous leukemia and Burkitt lymphoma cells. 21 We recently reported that MYC contributes to EZH2 upregulation via repressing EZH2-targeting miR-26a and that EZH2 in turn induces MYC expression via MYC-targeting miR-494, thereby generating a positive MYC-miR-26a-EZH2 feedback loop to ensure persistent high protein levels of MYC and EZH2, and suppression of miR-26a. 8 Here, we first investigate whether JQ1 indeed silences MYC expression, disrupts the MYC-miR-26a-EZH2 circuit and inhibits lymphoma cell growth in aggressive lymphomas. Using four aggressive lymphoma cell lines, HBL-2, Jeko-1 (blastic variant of MCL), SUDHL4 (transformed large-cell lymphoma) and Ramos (Burkitt lymphoma), we explored the effect of JQ1 on MYC, as well as EZH2 expression by western blot, miR-26a using qRT-PCR and lymphoma cell growth with CCK8 assay in these cell lines. As shown in Figure 1 and Supplementary Figure S1 , JQ1 induced a dose-dependent downregulation of MYC and EZH2, upregulation of miR-26a and inhibition of lymphoma cell growth. In addition, we examined the effect of JQ1 on other known MYC target genes and miRNAs such as p21(Cip1/WAF1), miR-494 and miR-27a. We found that JQ1 also induced expression of p21, miR-494 and miR-27a, supporting that JQ1 regulates miR-26a through inhibition of MYC transactivation (Supplementary Figure S1A and B). These data validated the inhibitory role of JQ1 in MYC expression and MYC dependence of EZH2, miR-26a expression and lymphoma cell growth. 8, 15 JQ1 synergizes with inhibition of EZH2 to suppress MYC expression, lymphoma cell survival and clonogenic growth As previously demonstrated, MYC expression is also regulated by EZH2, and both MYC and EZH2 pathways are significant survival and proliferative signaling pathways, and are constitutively activated in aggressive lymphomas. 8 Thus, simultaneous inhibition of these pathways by combined MYC and EZH2 inhibition may be required for optimal antilymphoma activity. Furthermore, MYC and EZH2 were shown to act in concert to silence tumor suppressor miRNAs in aggressive lymphoma. 8 These prompted us to study the potential of combined treatment with JQ1 and the EZH2 inhibitor DZNep to (1) further disrupt the MYC-miRNA-EZH2 cross-talk, resulting in more dramatic downregulation of MYC, and suppression of lymphoma cell growth and clonogenicity, and (2) Figure S2A) . Moreover, this combined treatment resulted in enhanced inhibition of cell survival and clonogenic growth (Figures 2b-d) . We further evaluated these results using median effect analysis (CalcuSyn, Biosoft, Great Shelford, UK) to determine whether the greater growth-inhibitory activity of combined treatment reflected an additive or synergistic effect. We found all combinations of MYC and EZH2 inhibitors to be synergistic in comparison with single-agent treatment (Figure 2c ). In addition, we examined the selectivity of JQ1 and DZNep effects on the viability of transformed and nontransformed lymphocytes. We used P493-6 cells, a transformed human B-cell line featuring a tetracycline-repressible MYC gene that allows MYC expression to be turned on or off without altering the survival of these cells. 22 As shown in Figure 2e , exposure of MYC-On P493-6 cells to DZNep and/or JQ1 dose-dependently induced a significant and synergistic cytotoxicity; in contrast, minimal cytotoxicity was noted in MYC-Off P493-6 cells, supporting the selectivity over the transformed MYC-associated lymphoma cells. Together, these results indicate that cytotoxicity triggered by DZNep and JQ1 is mediated, at least in part, via MYC-dependent pathway(s).
To confirm that the above DZNep effect is indeed due to EZH2 inhibition, we next performed siRNA experiments to more specifically inhibit EZH2, and investigated the effect of knockdown of EZH2 on JQ1 activity against MYC and on its MYC and EZH2 cooperatively regulate miR-26a expression Next, we examined whether silencing MYC cooperates with EZH2 inhibition to induce (reactivate) miRNA(s) expression and subsequently contributes to suppression of lymphoma cell survival.
Role of
Role
To investigate which miRNAs are regulated by both JQ1 and DZNep, miRNA expression was explored by using microarray analysis. The expression profiles of Jeko-1 cells after 48-h JQ1 (1 mM) treatment was determined and compared with expression profiles of Jeko-1 cells after DZNep treatment. 8 As shown in Figure 3a , we identified a set of miRNAs that were coregulated by JQ1 and DZNep: six that were up-regulated and five that were down-regulated. Among these miRNAs, we focused on miR-26a, as this miRNA has been reported as a tumor suppressor and is down-regulated and inversely correlated with MYC and EZH2 expression in aggressive lymphomas. 8 Induction of miR-26a by JQ1 from this array experiment is in agreement with qRT-PCR experiment shown in Figure 1 Figure S3B) .
To determine whether the reactivation effect of JQ1 and DZNep is indeed attributed to direct binding of MYC and EZH2 to the miR-26a gene promoter, we analyzed the upstream region ( À 5 kb) of the miR-26a harboring gene CTDSPL (for pri-miR-26a1) and CTDSP2 (for pri-miR-26a2) for transcriptional factor binding sites and identified two E-box MYC binding sites, 26a1D and 26a2S (Figure 4a ). ChIP assay was performed to explore whether EZH2 could be recruited to the miR-26a promoters by MYC and whether EZH2 binding is MYC dependent. Figure 4 revealed that antibodies against both MYC and EZH2 efficiently immunoprecipitated the miR26a promoter regions. EZH2 binding is MYC dependent, as EZH2 binding is abolished in MYC-Off P493-6 cells. This result further supports the recruitment role of MYC, and MYC cooperates with EZH2 to regulate miR-26a expression. Additional ChIP experiments were performed to determine the MYC and EZH2 bindings after JQ1 and DZNep treatment. Minimal or no enrichment of MYC and EZH2 to the miR-26a promoter after JQ1 and DZNep treatment was observed, supporting that MYC recruited EZH2 to repress miR-26a expression (Figure 4b) . To validate the MYC and EZH2 binding to miR-26a promoter in primary lymphoma samples, five high MYC lymphoma samples of three blastic MCLs, one Burkitt and one Burkitt-like (double-hit) lymphomas were used for ChIP assay. The high MYC expression levels in these samples were further confirmed by florescence in situ hybridization (FISH) and immunohistochemical stains (not shown). Figure 4c and Supplementary Figure S4A reveal consistent enrichment of MYC and to a lesser extent EZH2 in miR-26a promoter regions in MYC-associated lymphomas and diminished MYC and EZH2 binding after JQ1 and EZH2 treatment, further providing evidence that these interactions are operative in primary lymphoma cells and MYC-dependent. Taken together, these results confirm that MYC is required and are in agreement with a previous report that miR-26a expression is MYC-dependent, thus providing further support of the underlying mechanistic of MYC-induced miR-26a repression. . For ChIP assays, IgG was used as negative control. Results are means ± s.d. from at least three biological replicates (see also Supplementary Figure S4) .
Role of MYC and EZH2 in B-cell survival X Zhao et al
MiR-26a functions as a tumor-suppressor miRNA and is required for the effect of MYC and EZH2 on lymphoma cell growth Using loss-and gain-of function assays, we evaluated whether miR-26a contributes to lymphoma cell survival and anchorindependent growth and determined whether miR-26a is required for JQ1 and DZNep-induced suppression of lymphoma cell growth. First, as shown in Figures 5a-c , overexpression of miR26a by enforced ectopic expression of pre-miR-26a (a) specifically increased miR-26a (but not miR-27a) expression, and significantly inhibited lymphoma cell survival (b) as well as anchor-independent a b c Figure 5 . MiR-26a functions as a tumor suppressor miRNA to negatively regulate growth and colonogenicity of lymphoma cells. (a) MiR-26a and miR-27a expression level after pre-miR-26a or anti-miR-26a transfection. miR-26a and miR-27a levels of cells transfected with pre-Ctrl or anti-Ctrl are set to 1. (b) Cell proliferation assay (CCK8) shows that ectopic miR-26a expression by premiR-26a transfection inhibits cell growth of HBL2 and SUDHL4 cells, while knockdown of miR-26a through anti-miR-26a transfection increases cell growth. (c) Colony formation assay shows that ectopic miR-26a expression inhibits the cell colony formation ability (clonogenicity) in HBL2 and SUDHL4 cells, whereas inhibition of miR-26a through antimiR-26a transfection increases cell clonogenicity. A number of tumor colonies were enumerated microscopically after 2-week incubation.
Role of MYC and EZH2 in B-cell survival X Zhao et al growth in HBL-2 and SUDHL4 cells (c); in contrast, knockdown of miR-26a through anti-miR-26a specifically decreased miR-26a expression and further increased lymphoma cell growth as well as clonogenic growth. Collectively, these data support miR26a as a tumor-suppressor miRNA in these aggressive lymphoma cells.
Next, we explored whether miR-26a is required for the effect of MYC and EZH2 on lymphoma cell growth. We pre-transfected these lymphoma cells with anti-miR-26a to block JQ1-and EZH2-induced miR-26a induction and performed CCK8 assay. We explored whether miR-26a knockdown subsequently suppresses JQ1-and EZH2-induced miR-26a expression and rescues JQ1-and EZH2-triggered lymphoma growth inhibition. As shown in Figures  6a and b , we found that knockdown of miR-26a with anti-miR-26a significantly decreased miR-26a expression levels, suppressed JQ1-and EZH2-induced miR-26a expression, and partially rescued JQ1-and DZNep-induced suppression of lymphoma cell survival. Collectively, these results support that miR-26a functions as a tumor suppressor miRNA and contributes to the inhibitory effect of JQ1 and EZH2 on aggressive lymphoma cell survival and growth. DISCUSSION MYC is a pleiotropic transcription factor that both activates and represses a broad range of target genes and is indispensable for cell growth. Rather than activation, the majority of identified miRNAs are repressed by MYC. Among these repressed miRNAs, many are putative tumor suppressors, such as miR-15a/16-1, miR34a and let-7 family members. 6 Our recent experiments have revealed loss or low expression of MYC-regulated miRNAs in aggressive B-cell lymphomas and reverse correlation of tumor suppressor miRNAs such as miR-15/16, miR-26a, miR-29 with MYC and EZH2 overexpression, as well as cell proliferation, CDK6 and IGF-1R expression. 7, 8 MiRNA repression is a result of MYC/HDAC3 or/and EZH2 interaction, and contributes to aggressive clinical outcome of MYC-associated lymphomas. We further observed the underlying mechanism of persistent MYC activation in these aggressive lymphomas through a MYC-miRNA-EZH2 positive feedback loop. Collectively, these studies indicated that MYCinduced EZH2-mediated miRNA repression has a key role in lymphoma cell growth and progression. This study was undertaken to validate the inhibitory effect of bromodomain inhibitor JQ1 on MYC expression, and to determine whether cotreatment with JQ1 and EZH2 inhibitor DZNep synergistically disrupts the MYC-miRNA-EZH2 regulatory circuitry, resulting in enhanced miRNA expression and greater suppression of lymphoma cell growth.
In contrast to DZNep that indirectly targets MYC through histone trimethylation and silencing of miRNAs such as miR-494, 8 JQ1 has been developed and shown to inhibit MYC by binding competitively to the acetyl-lysine motif of the BET bromodomains. 15, 16 These suggest that JQ1 and DZNep regulate MYC via different signal transduction pathways and thus may underlie the cooperative effect of DZNep and JQ1 on MYC level. Moreover, our findings indicate that miR-26a repression is a result of MYC and EZH2 interaction and contributes to MYC-driven lymphoma cell growth. We revealed co-localization of MYC and EZH2 in the promoters of miR-26a. This co-regulation is likely attributed to MYC recruitment of EZH2 to the promoter regions of some suppressor genes evidenced by Co-IP and CHIP experiments. 8 This further supports our previous study that MYC and EZH2 form a repressive complex tethered to miRNA promoter elements to epigenetically repress miRNA transcription in MYCexpressing lymphoma cells. 8 The biological function of miR-26a is in line with previous studies demonstrating that miR-26a functions as a tumor suppressor miRNA. [23] [24] [25] [26] We demonstrated that JQ1 induced miR-26a expression, MYC suppression and potent activity against a range of human aggressive B-cell lymphoma lines. These findings further support the idea that inhibition of MYC activity by targeting bromodomains may be lethal to aggressive B-cell lymphomas. Furthermore, using P493-6 MYC-on and MYC-off cells, we revealed that JQ1 is selectively more potent against MYCassociated lymphoma cells.
JQ1 functions as a specific inhibitor of BET proteins including bromodomain-containing protein 4 (BRD4) and BRD2 by interfering with the acetyl-lysine recognition domains (bromodomains). However, BRD4 not only regulates MYC but may also affect other oncogenic proteins. CHIP revealed that BRD4 is strongly enriched at the immunoglobulin heavy-chain (IgH) enhancer. 21 There is evidence that BRD4 is associated with immunoglobulin heavychain gene enhancer and BRD4 inhibition can reduce the expression of oncogenes that are translocated to the IgH locus. 16 Given B-cell lymphomas are frequently associated with chromosomal translocation involving many genes such as BCL2 and BCL6 that are switched on by immunoglobulin enhancers, we therefore cannot conclude that the observed effect of JQ1 in this study is exclusively attributed to the effect on MYC. Similarly, a recent study demonstrated that DZNep may not be a specific EZH2 inhibitor; it may also affect other histone methyl transferases and contribute to the DZNep effect, especially at high concentration. 27 However, our experiments using siRNA demonstrated that specific knockdown of EZH2 induced miR-26a expression, suppressed lymphoma cell growth and enhanced JQ antilymphoma effect. These results support the oncogenic role of EZH2 in lymphoma and corroborate the recent reports revealing EZH2 as a novel target for lymphoma therapy. [28] [29] [30] [31] Recently, somatic heterozygous mutations of Y641 and A677 residues within the catalytic SET domain of EZH2 were found in up to 22% of germinal center B-cell DLBCL and follicular lymphoma harboring mutations. [31] [32] [33] [34] [35] These mutations enable EZH2 to more efficiently add a third methyl group to H3K27 and are responsible for H3K27 hyper-trimethylation and drive the lymphomagenic proliferation and survival. 36 These findings have rapidly led to the development of small-molecule inhibitors that reverse the defective processes caused by these mutations. [29] [30] [31] Two independent groups using high-throughput screening for inhibitors of the PRC2 complex followed by medicinal chemistry optimization reported low nanomolar potency of small-molecule EZH2 inhibitors. 30, 31 These small molecules displayed remarkable selectivity for EZH2 with similar efficacy against wild-type and mutant forms of EZH2. These EZH2 inhibitors were most effective against DLBCLs, especially those with EZH2 point mutations, by inducing apoptotic cell death and proliferation arrest. More recently, using a similar screening technology, Qi et al. 29 developed another EZH2 inhibitor, EI1, which also acts in a S-adenosyl methionine (SAM)-competitive manner and is highly selective over EZH1. EI1-treated cells exhibit genome-wide loss of H3K27 methylation and activation of PRC2 target genes. Furthermore, inhibition of EZH2 by EI1 in DLBCL cells carrying the Y641 mutations results in decreased proliferation, cell cycle arrest and apoptosis. Overall, these results provide strong validation of EZH2 as a potential therapeutic target for the treatment of EZH2 mutant and some EZH2-overexpressing lymphomas. Thus, EZH2 lymphoma cells are critically dependent on EZH2 enzymatic activity for proliferation and survival (oncogen addiction).
As EZH2 mutations often coincide with other mutations and oncogene dysregulations in lymphomas, EZH2 may also cooperate with other oncogenes such as MYC to promote lymphoma aggressive progression through regulation of tumor suppressors including miRNAs. 8 When combining the expression of EZH2 Y641F with the overexpression of MYC by crossing the transgenic line with Emu-myc transgenic mice, a dramatic acceleration of lymphoma development with the combination of MYC and EZH2 Y641F as compared with MYC alone was observed. This indicates that EZH2 Y641F can collaborate with Emu-myc to promote lymphoma induction. 37 Our finding that combined treatment of JQ1 and DZNep induced a synergistic antiproliferation effect also supports that MYC and EZH2 work in concert to promote lymphoma progression. Moreover, our data that knockdown of miR-26a rescued JQ1-and DZNep-induced suppression of lymphoma cell survival implicates MYC-induced miR-26a repression at least partially as the molecular mechanism of the JQ1 therapeutic effects. In this study, we demonstrated that combined inhibition of MYC and EZH2 cooperatively disrupted MYC activation, resulting in greater restoration of miR-26a expression and synergistically suppressed lymphoma growth and clonogenicity in these aggressive lymphoma cells. Taken together, our findings indicate that miR-26a is a tumor suppressor miRNA and can be epigenetically targeted through manipulation of MYC and histone methylation. To achieve maximal antilymphoma effects, inhibition of both MYC and EZH2 pathways may be necessary. Silencing MYC with JQ1 for combinatorial therapy represents a promising, novel approach for aggressive B-cell lymphomas.
